We investigate the structure of self-assembled monolayers produced by different mercaptodecyl benzoic acid isomers using molecular dynamics. We examine their interaction with water and calcium carbonate, and analyse the headgroup orientations in each case. We compare our results to experimental findings and propose an explanation for their observed hydrophilicity, as well as for the preferentially oriented growth of calcite on one of the isomers.
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Introduction
Surfaces engineered from self-assembled organic monolayers (SAMs) have been the focus of numerous studies in the past few decades, mainly because of their various applications 1 . One notable example is the crystallisation of calcium carbonate, an extremely common biomineral, where the organised array of headgroups of the SAM not only assist crystallisation, but also exert significant control on the crystal growth and orientation 2 . A popular choice of SAMs for many applications is a ω-terminated alkanethiol, [Χ(CH 2 ) n S-] supported on a gold film, [3] [4] [5] where the S end of the chain-like molecule is strongly attached to the Au surface. For long alkane-chains, the molecules pack into an ordered structure and the chains tilt away from the normal direction of the Au surface to lower the energy. The exact packing structure is largely influenced by the choice of headgroup Χ.
The headgroup is also a factor in the control of mineralisation. It has been shown 3,6 that different headgroups induce different orientations of the formed crystal, sometimes resulting in high energy crystal surfaces. Specifically, COOH-terminated SAMs, give rise to the (01.2), (01.5) or (11.6) nucleation planes, rather than the low energy (10.4) plane. Sulphates (SO 4 ) and phosphates (PO 4 ) also induce preferential growth to a small group of crystallographic directions 3 .
One also must keep in mind that the SAMs can undergo structural rearrangement during the nucleation process, and the flexibility of the chains, as well as the position of the headgroups, are thought to play a major role 7, 8 .
Interesting results can be obtained by using aromatic thiols, where the headgroup is a phenyl ring coupled with a functional group. Aromatic thiols have stronger intermolecular interactions 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3 than alkanethiols without the aryl ring, which results in a potentially different packing and, consequently, different surface properties. Also, as electrons are more delocalised in the aryl rings than in the alkane chains, the aromatic thiols have a higher electrical conductivity.9 These properties make them interesting surfaces, but, their formation and packing is still not very well understood.
In a recent study, Lee et al. (2013) 10 used COOH-terminated aromatic thiols as surfaces for calcite growth. They used three subtly different mercaptodecyl benzoic acids (MDBA), the difference being in the position and number of the functional groups attached to the aryl ring.
The different isomers, specifically called para-(p-) meta-(m-) and bimeta-(bm-) MDBA, were found to have different properties in solution, and only one of them, the p-MDBA was observed to induce directed crystallisation of calcite, interestingly in the (01.8) orientation. The hydrophilicity of each MDBA SAM was evaluated by static contact angle measurements with water, showing that the surface formed from the m-MDBA SAM is hydrophobic. By using X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM) measurements with different solutions on the SAMs, they were also able to determine the relative angles of the aryl rings with respect to the surface, and show that the p-MDBA undergoes significant reorientation when in contact with water or CaCO 3 , relative to the other isomers.
In this study we reproduce the above surfaces in silico, using molecular dynamics simulations.
We extract the lowest energy configuration of each of the MDBA isomers, and compare our results to experiments. We examine the headgroup orientation of four types of structure, inspired by the experiments. The simulations were carried out both at low temperature and at room temperature. We find that the main reason for the hydrophobic nature of the m-MDBA isomer is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   4 hydrogen bonding between neighbouring carboxyl groups. We compare our results of the headgroup orientation with those of experiment and discuss the trends. Finally we examine the interfacial energy of the (01.8) calcite surface on each isomer and show that this orientation has a stronger interaction with the p-MDBA SAM than the other isomers.
Methods
The structures of the para-, meta-, and bimeta-MDBA headgroups are shown in figure 1 . The supercell for the simulations was constructed using the cell dimensions of the experimentally measured unit cell of biphenylakanethiol (BP) SAMs with, even-numbered chains, grown on a Au (111) surface 11 . It has been determined 10 that those 'even' BP monomers are close structural analogues of the MDBA monomers, hence their in-plane packing and molecular orientation are expected to be very similar. Our model SAM consists of a supercell periodically repeated in x and y with dimensions x=25.3 Å and y=38 Å, containing 32 MDBA monomers. A vacuum gap of ~65 Å was added in the z-direction, to separate the substrate from the other MDBA layers.
Water and/or CaCO 3 was then deposited on the surface. The simulations were carried out using DL_POLY classic v.1.8. 12 The electrostatics were handled by the Ewald summation method and the short-range potentials had a cutoff of 10.1 Å.
We used an all-atom potential for the organic molecules, generated with AMBER, and the interactions between the atoms of the monolayer were given by a Lennard-Jones potential. The water was modelled with the TIP3P potential. 13 The organic-calcium interactions were represented by Buckingham potentials. The rest of the organic-inorganic interactions were fitted using the methods described in ref (14) , which have already been used successfully in previous studies. [15] [16] [17] Calcium carbonate was represented with the force field developed by Pavese et al. 20, 21 . The simulation timestep was 0.5 fs in a canonical ensemble using the Nose-Hoover thermostat with a 20 fs relaxation time.
We performed geometry optimisations for the three different isomers, considering a neutral case, where the head groups were fully protonated, and a fully ionised case, where all the H atoms of the COOH groups were removed. The reason for studying both cases is that it is not known experimentally and cannot be easily determined whether the headgroups are protonated or not. The charge on the ionised monolayers was compensated by adding the appropriate number of Ca 2+ ions. We considered four cases: i) protonated SAMs ii) protonated SAMs with an overlayer of water, iii) ionised SAMs with compensating Ca 2+ ions and an overlayer of water, and iv) ionised SAM with an overlayer of amorphous calcium carbonate (ACC). The layers of water and ACC (14 Å and 19 Å -thick respectively) were initially placed 2-3 Å above the surface 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   6 of the SAM, and relaxed at 300 K onto the SAM, which was kept fixed. After 50 ps the SAM was also allowed to move, until the configurational energy converged. The sulphur atoms were kept fixed to represent the strong bond with the Au substrate, which is not included in the simulation. We found that ~300 ps simulations were sufficient for full convergence. For the geometry optimisation of the SAMs with no overlayers, the temperature was increased in two steps, first to 100 K and then to 300 K; each step was optimised for 50 ps.
In all cases we were able to calculate the average angle of the aryl rings with respect to the surface normal. This corresponds to the total dipole moment vector (TDMV) of the aryl π*resonance measured experimentally with X-ray absorption spectroscopy (XAS) 10 , which describes the functional group orientation of the MDBA monomers (tilt angles). In doing this, we assume that the surface normal coincides with the z-axis of the supercell, i.e. that the surface remains, on average, horizontal.
Finally, in order to investigate the observed preferential growth of calcite in the (01.8) orientation on the p-MDBA surface, a (01.8)-oriented calcite slab of 19 Å thickness was constructed, which was then placed on both the p-MDBA and m-MDBA surfaces. A (10.4)oriented slab of similar thickness was also placed on the p-MDBA surface for comparison. The (10.4) orientation was chosen for this comparison because it is a low energy surface. The temperature was increased first to 100 K and then to 300 K, and each time the structure was relaxed using the aforementioned settings, for 400 ps. The (01.8) calcite slab has very good epitaxial matching with the COOH headgroups of the monolayer (figure 2). The lattice vectors of the SAM supercells had to be adjusted for each case, but even with the adjustment, they remain within the experimental errors of the BP unit cell on which they are based. 11 This results in a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   7 supercell with 30 monomers, and dimensions x=28.822 Å and y=31.333 Å in the (01.8) case; y increases to 32.196 Å for the (10.4) case. Both neutral and ionised p-and m-MDBA were used to create the SAMs. To model the ionised cases, a layer of charge-neutralising calcium ions were placed on the monolayer surface, and the same number of CaCO 3 units were removed from the calcite slab.
The interfacial binding energy of the two isomers with calcite was subsequently calculated, to measure the strength of each interface. This energy effectively represents the cost of cleaving the interface to create two surfaces, in this case separating the calcite slab from the monolayer or, conversely, the adhesion energy for calcite to bind to the monolayer. It can be written as
where E calcite and E monolayer are the energies of the separated calcite and monolayer respectively, and E total is the total energy of the calcite-monolayer system. A is the area of the interface. Even though the above energy Γ is with respect to vacuum, we can still draw a valid conclusion about which isomer presents a preferable substrate for the growth of the deposited calcite surface.
According to classical nucleation theory, a lower interfacial energy would result in a lower nucleation barrier and higher nucleation rate. 18, 19 The interfacial binding energy is one component of the interfacial energy that is relevant to nucleation. 15 We have not calculated the other components here but we expect the difference between the interfacial binding energies to be the dominant contribution to the difference in nucleation rate. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 
Results

Structure
The decyl chains, about 13 Å long when extended, pack themselves by tilting to a 45° angle so that the thickness of the monolayer, excluding the headgroups, is around 9 Å. This thickness increases to 9.5-10 Å at 300 K. The direction of the chains depends on the isomer, as the interaction of the neighbouring headgroups plays a role in the final packing arrangement. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Figure 3 depicts the three SAMs after optimisation at low temperatures, which allows a clear view of the structures with no temperature-induced defects in the chains. It is interesting to note that the meta and bimeta monolayers show a strong tendency to form hydrogen bonds between the carboxylic acid groups on the phenyl rings, wherever possible, also increasing the structural stability. Especially in the meta-case ( figure 3b ), all acid groups are hydrogen bonded. Lee et al. 10 have shown that the m-and bm-MDBA SAMs are less flexible than the p-MDBA SAM, because in the first two cases the carboxyl groups are directed into the monolayer, and the headgroups cannot reorient. However, they precluded hydrogen bonds between adjacent monomers whose chains are arranged in a herringbone pattern as are the chains of BP SAMs. 11 We find that a herringbone arrangement has a higher energy, and we show that the hydrogen bonds forming between adjacent monomers are a possible explanation of why the headgroups are not flexible in two of the three isomers. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 12 of 23
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If the SAM is ionised, adding water seems to disturb the surface more. The ionised headgroups tend to reorient themselves towards the charge-neutralising calcium ions. The biggest effect was seen in the p-MDBA case, where the carboxyl groups are pointing away from the surface and are closer to the added ions.
ACC
A ~20 Å-thick periodic slab of ACC was then deposited on the SAM surface. This was done both on a fully protonated and on a fully ionised surface, at 300 K. The aryl rings reorient themselves and the surface order is disturbed considerably in both cases. However, in the case of ACC on the protonated m-MDBA, some of the hydrogen-bonded dimers persisted. Figure 6 shows 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 
TDMV tilt angles
As prepared Solvated Solvated (ionised) ACC ACC (ionised) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16
The calculated angles are consistently higher than the experimental angles, but similar trends are observed. In fact, for the p-MDBA case we find very good agreement with experiment. As in the experiments, we can see that for the m-MDBA the exposure to hydrous solution and ACC does not affect the angle, and that the addition of Ca 2+ bearing solution increases the p-MDBA angles, which in the 'as prepared' and fully protonated solvated case are significantly lower than the isomers that contain hydrogen bonds.
Calcite
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Conclusions
We have performed a series of simulations for three MDBA SAM isomers in different ionisation states. We examined the structural changes of the monolayers upon addition of water and ACC, and compared our results with experimental findings. We established that the m-MDBA isomer forms hydrogen bonds when protonated, which keeps the carboxyl groups buried in the surface and makes it hydrophobic, and less reactive with ACC. Our results of the aryl ring tilt angles show a similar trend with experiment, albeit they have consistently higher values. This discrepancy may be attributed to the existence of lower energy structures, or the lack of sufficient accuracy in the interaction potentials used. We also assumed full ionisation of the carboxyl groups with the Ca 2+ solution which may not be the case, especially with the hydrogen bonded SAMs. However the similarities in the trends observed by modelling and experiment are encouraging. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Interfacial binding energies were calculated for an overlayer of calcite in the (01.8) and the (10.4) orientations, and we found that p-MDBA is the isomer that most favours the (01.8) orientation, in agreement with experiment. We have shown that by individually analysing the effects of ionisation, headgroup orientation and epitaxial matching, we can explain experimental observations and offer valuable insight into the crystallisation of calcite on different organic surfaces.
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